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The research work have been carried out in the following directions:
1. The development of the kinetic models for detailed description of formation of ecological
dangerous species under combustion hydrocarbon (hydrogen)+air mixtures.
For the analysis of nonequilibrium kinetic processes under combustion of hydrocarbon
(hydrogen)+air mixtures we have developed the kinetic scheme including 562 reversible reactions
with participation of 83 components. The coefficients A, m, E a for calculation of rate constants of
reactions (k(7)=ATnexp(Ea/'/)) were taken on the base of recommendation [1-8]. The reactions
list for this model and coefficients A, m, E a are presented in Table 1. We have analysed the kinetic
processes under combustion of the products of thermal destruction of n-C8HI8 in air with various
values of the equivalence ratio o_. In Table 2 the mixture compositions (in mole fraction) for
air+products of n-C8HI8 destruction with o_=1; 0.5; 0.25 under To=1000 K and P0=I MPa are
presented. The composition of the products of thermal destruction of n-C8HI8 was taken from
experimental investigation [9]. The mixture contains significant proportions of H 2, CH 4, C2H 4,
C2H 6, C3H 8, n-C4Hlo. So the developed kinetic scheme must certainly describe the induction
time and other characteristics of combustion not only for CH 4 or CH2/C2H2 as it have been
supposed before, but also for H 2, C2H 6, C3H 8, and n-C4HIo. Our scheme admits do it. The
results of calculation of gas composition (in mole fraction) and temperature at various moments
for the model situation of combustion of the products of destruction n-C8Hl8+air and CH4+air
with ct=0.25, 7'0=1000 K, Po=I MPa (we have considered the homogeneous reaction in a closed
volume and used a model of nonviscous non-heat-conducting gas) are presented in Table 3. These
results show that chemical equilibrium for the most of small components such as NO 2, NO 3,
HNO, HNO 2, HNO 3, N x, Hy, OH, HO 2 and others is realized only at very much time (t=60 see),
and that the modeling of kinetic formation of NO x, HNO x, HO x, NxHy, CxH x and other species
under combustion n-C8Hl8+air mixtures using the reactions mechanisms for CH4+air mixture
may lead to significant mistakes.
2. The numerical simulations chemical kinetics of formation of N-, H-, C- containing species
in the internal flow of subsonic and supersonic aircraft with hydrocarbon and hydrogen
combustion engine.
For the analysis of nonequilibrium chemical processes in the internal flow of gas turbine
engine for subsonic aircraft and ramjet engine for hypersonic aircraft we have developed quasi
one-dimensional models. The kinetic scheme which was used for calculation of variation
component concentrations in the gas engine elements includes 229 reversible chemical reactions
with participation of 41 components. We reduced the complete scheme (see Table 1) excluding the
reactions with participation of C2-, C3-, C4-containing species. The previously analysis have been
carried out for internal flow of gas-turbine engine RB211-524B for B-747 aircraft and for ramjet
axisimmetric hydrogen combustion engine [10]. The geometrical schemes of these engines
presented in Performance Report. For RB211-524B engine we have considered two different
boundary conditions of gas composition at the exit plane of combustion chamber. The first ones
corresponded to equilibrium gas composition under combustion n-C8Hl8+air mixture with
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ct=0.25 and the second ones were taken from nonequilibrium calculation of combustion of
products of destruction n-C8Hl8+air mixture under o_=0.25; T0=1000 K; P0=I MPa for t=4.10-2s.
The values of temperature T, pressure P and gas composition at the mixture (in mole fraction) in
different cross section of the gas-turbine engine RB211-524B for flight regime: H=I0.7 kin,
Pe=23.39 kPa, Te=218.5 K, Me=0.8 are presented in for these different conditions in Table 4 and
5 correspondingly. The obtained results point out on the significant dependence of the gas
composition at the exit nozzle plane from boundary conditions at the exit of combustion chamber
and from nonequilibrium chemical processes in the internal flow of engine elements.
3. The development of the models for detailed description of gas-phase chemistry and study
nonequilibrium processes in the near field plume of subsonic and supersonic aircraft.
For analysis of chemical and photochemical nonequilibrium processes in the near field
plume we have developed quasi one-dimensional (QID) and two dimensional (2D) model.
The QID-model contains the gasdynamic block in which the gasdynamic parameters are
calculated taking into account the turbulent mixing of exhaust flow with free stream of
atmosphere air containing all gas small components, and the kinetic block in which variation of
component concentrations along the plume is calculated using quasi one-dimensional
approximation and average values of velocity, density, and temperature.
The developed scheme of chemical processes includes reactions characterized both for the
high temperature conditions and for the atmospheric photochemistry and contains 237 chemical
and 28 photochemical reactions with participation of 61 components. The chemical reactions and
photodissociation reaction list for plume kinetic model are presented in Tables 6, 7.
We have simulated the nonequilibrium chemical processes in the plume for subsonic
aircraft with gas-turbine hydrocarbon combustion engine and for hypersonic aircraft with ramjet
hydrogen combustion engine. Under using Q1D-method the fields of hydrodynamic parameters
of subsonic coflowing jet were determined by using the simple algebraic method [I 1]. For the
subsonic aircraft B-747 we have taken into account the mixing between bypass flow and core
flow. The results of QID-model calculations of the variation of the different species
concentrations (in mole fractions) for the subsonic aircraft B-747 (Me=0.8; H=I0.7 km) are
presented in Table 8.
The fields of hydrodynamics parameters of hypersonic coflowing jet were determined by
numerical solution parabolic equations for axisymmetric compressible turbulent flow by using
second order numerical implicit scheme [12]. We considered flow behind hypersonic aircraft with
aerodynamic scheme such as "Hotoll". This aircraft had only one exhaust and ogive form. The
nonisobaric jet was replaced by a hypothetical isobaric jet. We used the two-equation turbulent
model, that were taken into account the effect of compressibility to turbulent supersonic flows
[13]. The results of calculations of temperature field in the hypersonic plume (M_=6; H=29 kin;
Tn= 1800 K, Pn=Poo =13.9 Pa) are presented in Fig. 1. The boundary conditions at the nozzle exit
plane in this case were taken from nonequilibrium calculations by using Q1D-model in the
internal flow of H2-combustion ramjet engine (see Performance Report). Fig. 2 shows the changes
averaged temperature, Mach number and radius of the plume along the plume of hypersonic
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aircraft. The changesof mixture composition along the plume obtained by using Q1D-method in
this case are presented in Fig. 3.
Under elaboration 2D-model for calculations of nonequilibrium gas composition in plume
of subsonic aircraft we have considered homogeneous co-flowing stream of air with constant
velocity parallel to the jet axis and constant temperature, pressure and turbulent viscosity. The
steady state set of isobaric jet mixing equations represent the relations for momentum balance,
energy conservation, mass balance for the chemical species. The set of equations should be added
by turbulence model equation. We used one equational model for eddy viscosity [14]. The implicit
scheme is used.
Fig. 4 and 5 show the profiles of velocity U and temperature T at the nozzle exit plane of
subsonic aircraft B-747 (M_=0.8; H=I0.7 km) (boundary conditions at the nozzle exit plane for
core flow were taken from Table 5). The changes of component concentrations across the plume
at the different plane of plume (x=10.6 m, 99.2 m) in this case are presented in Fig. 6, 7
correspondingly.
Summary
1. Our results show that under combustion of thermal destruction products of n-C8HI8, and
other hydrocarbon fuels with air at the equivalent ratio ~0.5 and less the chemical equilibrium
is not realized at the exit plane of combustion chamber and in the gas turbine and nozzle for
most of small components such as NO 2, NO 3, HNO, HNO 2, HNO 3, NxHy, HO 2, OH. The
chemical equilibrium is not realized in the internal flow of ramjet hydrogen combustion engine
too.
So at the nozzle exit plane both of gas-turbine hydrocarbon combustion engine and of
ramjet hydrogen combustion engine the relatively large values of concentration of such small
components as NO 3, HNO 2, N20, HNO 3, HNO, NH, N2H, HO 2, H20 2 may be realized. The
exact definition of these component concentration as well as concentration of NO x, OH, SO 2,
O, H, H 2, H20 at the nozzle exit plane is very important for plume chemistry.
2. The results which were obtained for subsonic and hypersonic aircrafts indicate on the
considerable change of the composition of the gas mixture along the plume. This change can be
caused not only by the mixture of combustion products with the atmosphere air but by
proceeding of whole complex of nonequilibrium photochemical reactions. The
photodissociation processes begin to influence on the formation of the free atoms and radicals
at flight altitude H>_18 km. Neglect of these processes can result in essential (up to 104 times)
mistakes of values YOH, Yo, YH, )tHSO3 and some products of CFC's disintegration. It was
found that penetration of Cl-containing species from the atmosphere into the exhaust flow and
its interaction with nitrogen oxides leads to essential increasing of the concentration of CI, CI 2,
CIO2, CINO3, CH3CI and sometimes HCI and the decreasing of C10 concentration by
comparison with background values. The results of our analysis show that the plume aircraft
with both hydrocarbon and hydrogen combustion engine may be source of various pollutant
components such as HNO, HNO4,CIO 2, CH3NO 2, CH3NO 3, CH20, CI, H20 2, but not only
NO, NO 2, HNO 2, HNO 3, N205, SO 2, SO3, H2SO4 as it was supposed before [15, 16].
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Table 1. The reaction mechanism for the combustion of hydrocarbon (hydrogen)+air mixtures.










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































nC4H 10 +C2H502=sC4H9+C2H502 H
nC4H 10 +nC3H702=nC4H9 +nC3H702H



















































































































































































,_eactions with HNO 2
(17) - 1 -25000
2.4(13) 0 -14500
6.02(1 l) 0 -2000
1.520 2) 0 28






































































































































































































































































































































I 3 ] 4 5 I 6 I 7 I 8 I 9
1.93(9) 12.347.8(11) 0









































































































































































































































































































































































































































































































































































































































































(*) - the value of coefficients for K o (low pressure limit) are presented





































87 (*) lg(K+/Ko)=-2.54+4.6. I0-3 T-2.96 •10-6 T2+5.06" 10-1°T3
165 (*) Ig(K+lKo)=-3+4.68" 10-3 T-2.51" 10 -6T: +4.5.10 -IoT 3
Ig(K_lKo)=-3+4.68.10-3 T-2.51.10-67"2+4.5" 10-1°T 3
206 (*) lg(KJKo)=-0.54+8.68. I0-4T-3.34 •10 -77"2
lg(K_/Ko)=-0.536-8.68.10-4 T-3.34 • 10-TT 2
103 (**) K a Ka+Kb=3.612"lO 13
123 (**) K b Ig(KblKa)=-l.915+2.69"IO-3T-2.35"IO'7T 2
i 78 (**) K÷= 1.75" 10 _3"exp( - 1600/7)-9.03-10_2.exp(-2285/T)
334 (**) K+=2.53.1013.10f_r)l(I + 1/(1.1" 10 .28.TS.52exp(1248/7))
f(T) =-0. ! 77 +6.69-10 .4T-6.04.10 -7T_+ 1.07.10 -1oT 3
386 (**) K.= 1.5.1013/(1 +2.5.10 .36.TI 1.25exp(3289/7))
389 (**) K_=9.632.1012/(1 + 1.3.10 -27.TS.°7exp(l 315IT))
The rate constants, (cm3/mol)m-t's "t
Equation
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Table 2. The mixture composition for air+thermal destruction of the n-C8HI8 with equivalence
its= 1















A (-n) corresponds A. 10 -n

























Table 3. The variation of the temperature and gas composition with time for the combustion

















































































































































































































































































































































































































































































































































































































































A(-n) corresponds A. 10 -n
Table 4. Gas composition and temperature in the different section of gas-turbine engine versus












HO 2 3.05(-7) 7.62(-8)
H20 2 1.43(-6) 8.71(-7)
N 7.18(-12) 1.97(-13)
NO 1.05(-2) 1.26(-2)
NO 2 3.58(.3) 4.29(-3)
HNO 2 1.02(.2) 7.37(-3)
N20 1.38(-5) 1.36(-5)
NH 1.73(-10) 5.45(.12)
NH 2 9.18(-12) 1.56(-13)
NH 3 1.71(-11) 6.42(-13)
N2H 1.16(-9) 2.95(-10)






NO 3 1.43(-6) 2.56(-6)
HNO4 4.54(-23) 1.04(-23)
C 3.14(.25) 1.03(-25)
CH 4 2.40(-21) 3.65(.23)
CH 3 5.66(-21) 3.95(.23)
HCO 4.87(-12) 9.79(-13)
CH 2 1.87(-25) 1.46(-25)



















1.25 1.8 2.31 2.64 3.1 4.3











































































































































































































































A(-n) corresponds A. 10 -n
Table 5. Gas composition and temperature in the different section of gas-turbine engine
versus time under nonequilibrium gas cor_ )osition at the exit 3lane of combustion chamber.
Combustion HPT HPT-MPT MPT LPT LPT LPT Exhaust
chamber Duct 1 2 3 Nozzle
t, ms 0 0.43 1.25 1.8 2.31 2.64 3.1 4.3


































































































































































































































































































































































Table 6. The chemical reactions list for plume chemistry model.
Rate constants
.N'_o Reactions K= A Tn exp(E///_) (em3)m-l s-1
A n E
1 2 3 4 5























































































































































































































































































































































81. N205+H20=2HNO 3 2(-21) 0 0




































































































































































































































































































































































































Reactions with N, NO, CN, HCN, NCO
CN+O=CO+N 3.4(- 12) o
CN+O2=CO+NO 1(-12) o




CN+NO2=NCO+NO 5.0(ol 1) 0
































































































































































Reactions with CFC13, CF2CI 2
OH+CFCI3=HOCI+CFCI 2 ] 1(-12)
OH+CF2C12=HOCI+CF2CI ] 1(- 12)
















































































































































































































































































Table 8. The variation of the temperature and gas composition at the variations planes of the

















































































































































































































































































































































Fig. 1. The temperature field in the plume of hypersonic aircraft with hydrogen ramjet combustion
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Variation T, Mach number M, radius of the plume r r = rr/Dn, Dn=0.28 m along the
plume for hypersonic aircraft with H2+air combustion engine for the following flight
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